This paper presents a detailed study on a family of circularly polarized (CP) antennas inspired by the dual-mode substrate integrated waveguide (SIW) cavities. The related design methodology has been proposed and summarized for the first time. The field distribution for dual-mode SIW cavities (using TE 102 , TE 201 and TE 103 modes) are first analyzed. Based on the current flow of the orthogonal modes, slot cuts are incorporated on the top surface considering both the phase and current magnitude, which leads to optimal boresight CP radiation. All the feasible slot combining configurations which are able to generate CP radiation for the dual-mode cavities are summarized and characterized. For experimental verification, four lowprofile, low-cost and high-efficiency CP antennas using the dual-mode cavities are proposed, analyzed and implemented, including two CP antennas based on the degenerate TE 102 /TE 201 half-mode-like resonators, and a CP antenna as well as its 2-element array using the degenerate TE 103 / TE 201 dual-mode cavity. The measured and simulated results are in excellent agreement. Useful design guidelines are provided. These antennas show a measured bandwidth varying from 2.0 % to 4.1 % and a peak gain ranging from 7.0 dBic to 9.4 dBic, respectively. They demonstrate good CP performance and high radiation efficiency which is better than 88 % in simulation. They offer attractive features including interesting working principle, easy implementation, low-cost, and non-sensitivity to tolerance, appearing as good candidates for high-frequency directive antenna application.
I. INTRODUCTION
Circularly polarized (CP) antennas are able to mitigate the polarization mismatch introduced by multi-path effects, allowing the data transmission independent of the orientation of the transmitter and receiver. They have been frequently used for various wireless systems, such as Global Positioning System (GPS), Radio Frequency Identification (RFID), and Wireless Local Area Networks (WLANs) [1] - [4] . Due to a simple structure, low-profile, and good integration capability, CP microstrip patch antennas have received substantial research interest and engineering applications [5] - [12] . The cavity-backed CP antennas are able to provide an improved gain, which also have been widely investigated and discussed [13] - [16] .
Generally speaking, the single-fed CP antennas involve an orthogonal pair of modes with 90 • phase shift. Its operating The associate editor coordinating the review of this manuscript and approving it for publication was Yasar Amin . principle is very similar to a dual-mode filter [17] - [21] . Perturbation, such as truncated corners or slits in a square patch design, is introduced to distinguish the two orthogonal modes with 90 • phase shift [6] - [10] . From the viewpoint of field distribution, a rotated field generated by the orthogonal modes and the perturbation could be observed for both the dual-mode filters and the CP antennas. It is a very interesting common feature shared by these two devices despite their obvious application difference.
Based on the above-mentioned similarity of working principle, a new family of CP antennas are developed in this paper which are effectively inspired by the work of dual-mode filters [19] - [21] . Two dual-mode cavities which were used to build high performance dual-mode filters are employed for CP antenna implementation. Explicitly, they are the TE102/TE201 and TE103/TE201 dual-mode cavities. It is noted that CP antennas based on TE102/TE201 modes substrate integrated waveguide (SIW) cavities have been reported in [22] - [25] . In these design, several slots are VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ FIGURE 1. The corner truncated patch with electric field distribution plotted: An example of the dual-mode resonator which has been used for both CP antennas and dual-mode filters.
etched on the surface of SIW cavities, which are used to excite TE102/TE201 modes and achieve CP operation. This paper provides a much more comprehensive study on the principles of generation, configuration, and radiation of the CP antennas. Guided by the analysis and extracted instructions, new antenna designs are proposed and implemented. These CP antennas are developed using the SIW cavities. The SIW technology provides a planar solution for the cavity-backed slot antennas which avoids the bulky structures introduced by conventional metallic cavity-backed configurations. Various cavity-backed SIW slot antennas have been-proposed before, such as linearly polarized [26] , [27] and CP-type antennas [28] - [31] . The SIW antennas prove to be an excellent candidate for high frequency applications due to an enclosed structure, easy feeding, and high radiation efficiency. However, SIW technology suffers from the drawbacks especially at millimeter-wave frequencies such as non-negligible loss, sensitivity to manufacturing tolerance. The dual-mode cavities are usually operated on higher order modes, resulting in a lower-loss, less sensitivity to tolerance, and highergain performance while used for cavity-backed slot antenna applications. This paper is organized as follows. Section II describes the dual-mode SIW cavities used for our CP antenna designs. Section III illustrates the possible CP antenna configurations based on the dual-mode cavities and design procedures. Section IV shows two new CP antennas based on the TE 102 /TE 201 cavity. These modes are degraded to halfmode-like resonators. Section V presents a CP antenna using the TE 103 /TE 201 cavity, as well as a simple 2-element array. Section VI provides a bandwidth through a parametric study, and a performance comparison with the previous antennas. Section VII draws a conclusion.
II. DUAL-MODE CAVITIES & CP ANTENNAS
A. SIMILARILY BETWEEN CP ANTENNAS AND DUAL-MODE FILTERS Fig. 1 shows a patch resonator with truncated corners. Depending on excitation, the open patch configuration has been widely used as a building block for both CP antennas and dual-mode filters [6] , [17] . CP bandwidth of the singlefed patch is usually smaller than dual-fed scheme due to faster phase variation [7] . However, the structure of single-fed patch antenna is very simple and it easy to manufacture. Therefore, single-feeding patch antenna is used to analysis CP field distribution in this section. The two orthogonal modes, as indicated by the field distributions shown in Fig. 1 , would be electrically coupled with each other, resulting in constant field rotation which could be observed from both the CP antenna and the dual-mode filter. Feeding is usually placed on the edge (45 • away from the diagonal line) to equally excite the two modes with 90 • phase imbalance. The truncated corner is used to provide a perturbation which slightly pulls away the resonance frequencies for the two modes. A coaxial feeding is applied roughly at 1/3 position of the patch diagonal line, where optimal match could be obtained. Obviously, the CP radiating antenna and the dual-mode filter share a common operating principle.
Inspired by this similarity in working principle, as observed on the open patch mode, dual-mode cavities are exploited here for related applications. As proved in the following sections, conventional dual-mode filters, such as TE 102 /TE 201 and TE 103 /TE 201 dual-mode pairs [19] , are also poised for CP antenna applications with some modification on the structure. Moreover, our proposed dual-modes antennas are based on dual-modes filters, so the working mechanism for the single-fed dual-modes CP antennas is similar to the corner truncated patch. The CP design method that is inspired by the corner truncated patch is implemented in the following. Fig. 2 shows the field distribution for the TE 102 mode, including the electric field, magnetic field, and surface current. The electrical size of this cavity is 0.58 λ 0 × 0.56 λ 0 × 0.03 λ 0 at 10 GHz. These SIW cavities are implemented on a lowcost F4BK substrate with a dielectric of 2.2, a loss tangent of 0.009 and a thickness of 1 mm that is made by WangLing company. Note that there are two lobes which are out-ofphase distributed. For the TE modes, all the electric field inside the cavity is perpendicular to the surface which would not be utilized for radiation. Therefore, the magnetic field and current distribution are more intuitive for etching slots and generating horizontally polarized radiation. The magnetic field tangent to a conductor produces the surface current, which could be determined using the unit normal to the surface as:
B. SIW DUAL-MODE CAVITIES
The surface current distribution provides rich information for slot antenna implementation. The simulated Q-factor for these two modes is 648 at 13.14 GHz and 650 at 13.37 GHz, respectively. Fig. 3 shows the field distribution for the TE 201 mode. The electrical size of this cavity is 0.71 λ 0 × 0.48 λ 0 × 0.03 λ 0 at 10 GHz. Like the TE 102 mode, TE 201 mode is generated with two out-of-phase lobes distributed orthogonally to the TE 102 mode. Fig. 4 shows the field distribution for the TE 103 mode. The electrical size of this cavity is 0.91 λ 0 × 0.56 λ 0 × 0.03 λ 0 at 10.2 GHz. There are three lobes as indicated by the electric field distribution. The outside two lobes have in-phase response, which exhibits 180 • phase difference compared with the middle lobe. TE 201 mode is orthogonal to both the TE 102 and TE 103 mode. Consequently, TE 102 /TE 201 and TE 103 /TE 201 have been paired together for dual-mode filter applications [19] . The simulated Q-factor for these two modes are 652 at 12.8 GHz and 661 at 14.2 GHz, respectively. In this paper, we are demonstrating that they could also be used for CP antenna applications with great design flexibility.
For best radiation, slots should be etched in a position where the current is maximum in order to fully disturb the current. Note that radiation occurs when the slot interferes or cuts the current flow path of the cavity resonance mode. As a result, the current needs to go around the slot in order to continue on the desired direction. By checking the current distribution for the TE 102 or TE 201 mode, the slot should be placed on the two edges or in the middle where the current is strongest. An operating scheme with three optimal slot positions is plotted in Fig. 5 . As shown by the current flow direction, the two edges of the cavity excite in-phase current, while in the middle area current flows along the opposite direction. For TE 103 mode as shown in Fig. 6 , there are four positions where the current reaches maximum. Four slots could be incorporated to disturb the current flow and generate the radiation. They are equally separated on the surface. It should be pointed out that the first and third slots generate in-phase electric field which could be excited simultaneously for superposed boresight radiation. Two slots excited where the current flows along the opposite direction tend to cancel out the boresight radiation.
III. CP ANTENNA CONFIGURATIONS & DESIGN PROCEDURE
Achieving CP radiation requires two orthogonal components with 90 • phase difference. Dual-mode resonator can be excited through a suitable feeding which is applied approximately on the diagonal line of the cavity. The dual modes are orthogonal to each other with similar resonance frequencies. The feeding signal excites the two modes from the diagonal line position by rotating clock-wisely and counterclock-wisely 45 • , respectively. The resulted phase difference (±45 • ) between the two modes therefore is 90 • . The 90 • phase difference would also be impacted by the cavity perturbation from cavity size or the length of slots. By etching slots at the peak current positions in a perpendicular format for the orthogonal modes, the required two radiation components could be obtained. It is noted that for boresight radiation, only slots with in-phase radiation should be excited for one particular mode.
Under this premise, it is relatively straightforward to design a CP antenna inside the dual-mode cavity. Considering the suggested slot cuts in Fig. 5 , three different slot-combination solutions are proposed for the TE 102 /TE 201 dual-mode cavity, which is listed in Fig. 7 (a)-(c). For the case shown in Fig. 7(c) , the middle slot could be further divided into two back-to-back slots as shown in Fig. 7(d) , in order to enhance the radiation. The proposed antenna structures shown in Figs. 7(a) and 7(b) actually have been implemented in [22] , [24] . Fig. 8 shows the proposed configuration for the CP antennas using the degenerate TE 103 /TE 201 dual-mode cavity. Note that we could always use less slots, like only two orthogonal slots to achieve CP radiation. However, it is not an optimal solution considering the fact that radiation from a larger aperture would result in a better gain. Between these two configurations, the slot arrangement in Fig. 8 (a) could provide a higher gain. In all of these designs, slots are added where the surface current reaches the maximum to allow best radiation efficiency.
The design of a CP antenna using a dual-mode cavity could be summarized in the following order:
1) Select a dual-mode cavity which supports two orthogonal modes. These cavities could be found or inspired by the traditional dual-mode filters.
2) Select the antenna operating frequency which should be a little lower than the resonance frequency of the dualmode cavity. The starting value of the cavity size (L eff and W eff ) could be determined using a pair of the following equation [22] for TE m0n mode:
The two orthogonal modes provide two sets of m/n values which could be used to accurately determine the cavity size. This step could also be replaced by Eigen-mode simulation using 3D simulator like ANSYS HFSS. When the slots are etched on the surface of the SIW cavities, the resonance frequency of the new cavity would shift to lower frequency due to an open slot boundary which radiates field, which could also be considered as a slot capacitor.
3) Check the surface current distribution for the two orthogonal modes and add the slots at the peak current positions. The slot should be aligned perpendicularly to the current direction in order to effectively interfere the current flow. Note that only in-phase current positions should be selected simultaneously for strengthened boresight radiation. Here, two radiation components with orthogonal direction and equivalent magnitude could be obtained.
4)
Determine the slot length. The slot could be approximately considered as a half-wavelength slot and its initial length could be calculated using the below equation [32] :
where ε eff is the effective dielectric constant of the substrate that is related to the substrate, c is the speed of light in vacuum, and f mn is the resonance frequency of the cavity modes. The ε eff is an important parameter which is mainly related to the substrate, as well as slot aperture size [32] . 5) Choose a suitable position of feeding. The feeding should be near the diagonal line of the SIW cavity, which helps to obtain 90 • phase difference, like single-feeding patch CP antenna [6] . Phase difference could be optimized by slightly adjusting the size of cavity or the length of slots.
IV. CP ANTENNAS INSPIRED BY TE102/TE201 DUAL-MODE CAVITY
A. ANTENNA CONFIGURATION Fig. 9 shows the Ant. 1 structure using the degenerate TE 102 /TE 201 mode, which corresponds to the configuration presented in Fig. 7(d) . The electrical size of this dual-mode antenna is 0.58 λ 0 × 0.56 λ 0 × 0.03 λ 0 . Four radiating slots are etched on the metal surface to generate orthogonal electric field and CP radiation. A capacitive coaxial feeding is used to excite the cavity-backed slot antenna which is realized by a small circular gap. The coaxial feeding is not only simple but also easy to connect to other components and systems. A good matching can be easily obtained using the coupling slot. A shorting pin is introduced in the center of the cavity to eliminate a high order mode. Based on the field distribution shown in Fig. 2 , the presence of this shorting pin would not affect the selected modes. The geometrical values indicated by Fig. 9(b) are listed in the caption of Fig. 9 . The antenna is designed in X-band with a center frequency at 10 GHz, and it is implemented on a low-cost F4BK substrate with a dielectric constant of 2.2, a loss tangent of 0.009 and a thickness of 1 mm. A photograph of the fabricated antennas, which includes another antenna that will be introduced later, is presented in Fig. 9(c) . Fig. 10 shows the simulated electric field distribution for the two degenerate modes. All the simulation here is carried out using ANSYS HFSS. Due to the presence of half-wavelength slot openings, the original TE mode becomes more like a halfmode structure, as indicated by the inside electric field distribution. As a result, the original resonating modes move to a lower frequency, which partially reduces the antenna electrical size. This antenna is designed, optimized and carefully investigated. Fig. 11 shows the current distribution on the top surface and 3D radiation pattern. Apparently, it has a patch type radiation with a peak gain of 6.74 dBic at 10 GHz. Each slot is working as a half-wavelength magnetic dipole which could be observed from the current distribution. The smith chart shown in Fig. 12 is related to two proposed antennas presented in Fig. 9 . The black line shows the matching curve for TE 102 /TE 201 dual-mode CP antenna (Ant.1) and the red FIGURE 11. Simulated 3D radiation pattern and current distribution on the surface for the antenna shown in Fig. 9 (a) . The fabricated antennas are measured using an R&S ZNB40 (100 K-40 GHz) vector network and a far field chamber (700 M-40 GHz). Fig. 13 shows the simulated and measured reflection coefficient for the first proposed antenna. The measured −10 dB bandwidth is 3.3 %, from 9.87-10.2 GHz. Fig. 14 shows the simulated and measured antenna AR and gain performance. The AR frequency band is slightly shifted to lower frequency which is mainly due to the feeding assembling error and dielectric constant change. Excellent CP performance is observed. The measured peak gain is 7 dBic at 9.92 GHz while in simulation it is 7.3 dBic at 9.95 GHz. Fig. 15 shows the measured and simulated radiation patterns at the center frequency. In far field chamber, a dual-polarized horn antenna is used as receiving antenna and the measured antenna is as transmitting antenna. So two orthogonal components with magnitude and phase are obtained and an elliptical polarization is shown. Therefore, the RHCP and LHCP components can be calculated from these two orthogonal components. The measured gain patterns are in good agreement with the simulation. The measured HPBW is 69 • and 81 • , in XZ plane or YZ plane, respectively. The corresponding measured AR 3 dB Beam width is around 90 • and 114 • , respectively. Both the cross polarization level and the back lobe level are low due to a cavity-backed configuration.
B. SIMULATED & MEASURED PERFORMANCE

C. MINIATURIZED CP ANTENNA WITH HMSIW MODE
Since the first proposed antenna is operated more like on the TE half-mode resonators, a new miniaturized antenna based on the pure half-mode version is proposed and verified.
Due to an open-ended SIW cavity is used to excite the dual-mode resonances, this dual-mode cavity belongs to half-mode SIW (HMSIW) cavity. The structure is smaller (two rows of vias are removed) but the effective size of this cavity is larger than the proposed first antenna (field could go beyond the cavity through open edges). Therefore, a further miniaturized antenna using half-mode cavity is achieved. The structure of Ant. 2 is shown in Fig. 16 . A single elliptical slot is incorporated in the center to replace the original dual slots, which is similar to the setting shown in Fig. 7(c) . An elliptical shaped slot could slightly improve the efficiency since the current flows more smoothly along the edge. The original two slots on the edge are replaced with open boundaries which could also be considered as two slots. The center slot and the open edges contribute two orthogonal electric field components leading to a CP radiation. A coaxial feeding is also used to excite the antenna with a gap coupling for matching purpose. Via walls are used to form the SIW structure. A photograph of the prototype is shown in Fig. 9(c) . This antenna is also designed at 10 GHz. However, the size has been miniaturized as compared in Fig. 9(a) .
The simulated impedance on smith chart is provided in Fig. 12 (red curve) . The simulated electric filed distribution for the two orthogonal modes is shown in Fig. 17.   FIGURE 18 . Simulated 3D radiation pattern and current distribution on the surface for the antenna shown in Fig. 16 . The degenerate modes become pure half-mode types which could be interpreted as TE (0.5)02 /TE 20(0.5) dual-mode pair. The simulated 3D pattern and current distribution at 10 GHz are shown in Fig. 18 . The center slot works exactly as a halfwavelength magnetic dipole. The simulated and measured reflection coefficient is shown in Fig. 19 . The measured -10 dB bandwidth is 410 MHz (4.1 %). Fig. 20 shows the AR and gain response. Excellent CP response with a measured peak gain around 7.5 dBic is achieved. The 3 dB AR bandwidth is 1.1 %, from 9.93 to 10.04 GHz. Fig. 21 compares the measured and simulated radiation patterns. The measured HPBW are 71 • and 93 • , in XZ plane or YZ plane, respectively. The corresponding measured AR 3 dB Beam width is around 97 • and 128 • , respectively. This antenna shows excellent overall performance considering the bandwidth, gain and size miniaturization. 
V. CP ANTENAS INSPIRED BY TE103/TE201 DUAL-MODE CAVITY A. ANTENNA CONFIGURATION
Based on the study shown in Section III, a novel CP antenna using the degenerate TE 103 /TE 201 modes is proposed and implemented in this section. The antenna configuration of Ant. 3 is shown in Fig. 22 . A capacitive coaxial feeding with a small gap is adopted for matching. Via walls are used to form the cavity. Four slots are etched on the surface to allow effective, orthogonal CP radiation. The antenna is fabricated using F4BK substrate with a thickness of 1 mm and a dielectric constant of 2.2. The loss tangent of the material is around 0.0009. Fig. 22(c) provides a photograph of the fabricated antenna, together with a 2-element array which will also be introduced later in this section. The geometrical values are listed in the figure caption.
B. SIMULATED & MEASURED PERFORMANCE
The simulated electric field distribution is shown in Fig. 23 . The field is still impacted by the slot openings. However, this high order mode cavity preserves better TE modes due to a larger cavity size and relatively smaller slot. Fig. 24 shows the surface current and 3D radiation pattern. Four slot dipoletype radiators are observed on the surface. The simulated impedance response on Smith Chart is provided in Fig. 25 , together with the impedance curve for the 2-elemnt array antenna. Fig. 26 shows the simulated and measured reflection coefficient. Fig. 27 shows the simulated and measured AR and gain response. A small frequency shift towards lower frequency is observed. The peak gain is around 7.3 dBic in simulation while in the measurement it is 7.1 dBic. Good CP performance is obtained with a minimum AR around 0.5 dB and the measured 3 dB axial ratio (AR) bandwidth is 0.5 %. Fig. 28 shows the simulated and measured antenna radiation patterns. Good consistency between simulation and measurement is observed. The measured HPBW are 72 • and 75 • , in XZ plane or YZ plane, respectively. The corresponding measured 3 dB AR Beam width is around 69 • and 92 • , respectively. 
C. TWO-CAVITY ARRAY
To enhance the gain, a 2-element array using the degenerate TE 103 /TE 201 dual-mode cavity is proposed here. The structure of Ant. 4 is shown Fig. 29 . For simplicity, the two cavities which utilize the same geometrical values are FIGURE 24. Simulated 3D radiation pattern and current distribution on the surface for the antenna shown in Fig. 22 (a) . directly connected by a short piece of microstrip line. A capacitive coaxial feeding is used to excite the first cavity which couples the field to the second one. A photograph of the fabricated antenna prototype is shown in Fig. 22(c) . The distance between the two elements needs to be optimized so that the field and radiation are in phase across the two cavities. Selecting a suitable length of microstrip line, the E-field distributions for two elements are nearly in-phase. Therefore, a larger in-phase aperture is obtained and a higher gain is shown. Fig. 30 shows the magnitude of the electric field component on surface and the 3D radiation pattern. Each slot works simultaneously on the aperture contributing to a higher gain with CP performance. The simulated antenna impedance on Smith Chart is plotted in Fig. 25. Fig. 31 shows the measured and simulated reflection coefficient, together with the simulated boresight (+Z direction) gain. Some filtering response has also been observed. Fig. 32 shows the measured and simulated AR and gain response. The measured peak gain is 9.4 dBic while in the simulation it is 9.7 dBic. The measured 3 dB AR bandwidth is 10.115-10.195 GHz (0.8 %). Fig. 33 shows the simulated and measured radiation patterns 
VI. BANWIDTH & COMPARISON
For the proposed CP antennas based on dual-mode cavities, the bandwidth could be easily broadened while the AR performance may deteriorate. The resonance frequencies are impacted by multiple factors, including the cavity size, slot positions, and slot length. Changing the slot length is the most straightforward approach since the radiating slot is equivalent to a half-wavelength slot dipole. Fig. 34 presents a parametrical study on the slot length and the substrate thickness for the first CP antenna displayed in Fig. 9 . While changing one slot length only affects its corresponding resonance frequency, the other resonance frequency remains unchanged. Increasing the thickness may improve the bandwidth too. It mainly changes the antenna matching.
A comparison between the measured results of the proposed dual-mode CP antenna with the previously reported antennas mainly based on SIW cavities is presented in Table 1 . In [22] - [25] , several CP antennas based on TE 102 /TE 201 modes SIW cavities are proposed. Both Ant.1 and Ant.2 are also implemented on TE 102 /TE 201 modes SIW cavities. However, the size of them are more compact than dual-mode antennas in [22] - [25] . Moreover, both the bandwidth and AR bandwidth for Ant.1 and Ant.2 are larger than these antennas. In [33] - [35] , these antennas belong to 2-units array or 4-units array and they have a CP feeding network circuits using 3 dB hybrid and 90 • phase shifter, so their AR bandwidth are wider. However, their structures are complicated and exhibit more loss from feeding networks. Although the bandwidth of single-feeding is narrower than multi-feeding, the single-feeding CP antenna is simple which receives wide application. In [36] , an SIW CP antenna is implemented, and its gain is somewhat small due to small effective radiation aperture. Due to the Q-factor of higher mode is larger than lower mode, so the bandwidth of Ant.3 and Ant.4 is narrower than Ant.1 and Ant.2. Dual-mode CP antenna using higher mode has a higher gain than the antennas using lower mode, which owes to a larger aperture size and higher Q-factor. As shown Table 1 , our proposed antennas have high gain and high radiation efficiency. In detail, the proposed dual-mode antennas using TE 102 /TE 201 modes have more compact size and other proposed antennas using further higher modes have higher gain.
The novelty of our work could be summarized in the following aspects: 1) The methodology to design CP antenna using dual-mode SIW cavities have been proposed and summarized for the first time; 2) Four novel and new SIW CP antennas have been proposed and illustrated in detail, all of which exhibit new structures and principles that has not been reported before. 3) Useful design information regarding to the bandwidth and gain are provided which would facilitate other antenna engineers for related applications.
VII. CONCLUSION
Inspired by dual-mode SIW cavities which are usually used for filter designs, a comprehensive study on the cavity-backed slot antennas with CP radiation is conducted in this paper. The working mechanism starting from mode analysis and current distribution are illustrated. Note that the working theory for CP antenna based on dual-mode SIW cavities are proposed and summarized for the first time. The feasible CP antenna configurations and design procedure are elaborated. Four CP antennas with different features are proposed using the degenerate TE 102 /TE 201 and TE 103 /TE 201 dual-mode cavities, respectively, including a miniaturized half-mode based CP antenna and a 2-element array with enhanced gain. These four antennas are fabricated using SIW technology based on PCB process. The measured results are in good agreement with the simulation. Good CP performance and high radiation efficiency, which is better than 88 % in simulation for all of the four antennas, are observed. This paper provides an intuitive and useful analysis and explanation which could facilitate the design of CP antennas using the dual-mode cavity. These proposed CP antennas are low-profile, low-cost, and highly efficient, which constitute a promising candidate for wireless and satellite communication systems.
